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ABSTRACT
The results of numerical simulations are presented which demonstrate that liquid
mirror telescope galaxy redshift surveys such as the current UBC-NASA Multi-
Narrowband Survey and the future LZT Survey have the potential of discriminat-
ing between the predictions of different theories of structure formation. Most of the
currently studied theories of structure formation predict a scale-invariant spectrum
of primordial perturbations. Therefore, to distinguish between the predictions of the
various models, we make use of statistics which are sensitive to non-Gaussian phases,
such as the counts in cell statistics, N-galaxy probability functions and Minkowski
functionals. It is shown that already the current UBC-NASA survey can clearly dif-
ferentiate between the predictions of some topological defect theories and those of
inflationary Universe models with Gaussian phases.
Key words: cosmology: theory – large-scale structure, redshift surveys
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1 INTRODUCTION
Liquid mirror telescope (LMT) redshift surveys provide an
efficient way to study the distribution of galaxies in the Uni-
verse. Recent technological developments at Laval Univer-
sity and the University of British Columbia (Borra et al.
1992, Hickson et al. 1994) have made liquid mirrors a viable
low-cost alternative to glass mirrors for zenith-pointing tele-
scopes. These surveys employ a set of medium-band filters
to measure the spectral energy destributions (SEDs) of ev-
ery detectable object in a long strip of sky a few tenths of a
degree wide. From the SEDs, galaxy types and redshifts are
estimated by fitting spectral templates to the data. The re-
sulting redshifts have typical redshift accuracy of order 0.01
- 0.03 depending on the wavelength coverage and signal-to-
noise ratio (Hickson, Gibson and Callaghan 1994). The tech-
nique is similar to that of photometric redshifts derived from
broad-band filters (eg. Koo 1985, Lanzetta et al 1996) but
provides about an order of magnitude improvement in red-
shift accuracy for the same signal-to-noise ratio. A first such
survey, the UBC-NASA Multi-Narrowband survey (Hickson
& Mulrooney, 1998), is nearing its completion, and a new
larger-scale project, the LZT survey, which will probe the
Universe to a much greater depth, is in construction.
The 6-m Large Zenith Telescope (LZT) (Hickson et al.
1998) is expected to provide redshifts for galaxies as faint as
23rd magnitude. This is several magnitudes fainter than can
be reached by current and planned wide-angle spectroscopic
surveys such as the 2DF (Maddox 1998) and Sloan Digital
Sky Survey. However, the photometrically derived redshifts
of the UBC-NASA survey and future LZT are less accurate
than spectroscopic redshifts.
The goal of this study is to determine if, in spite of the
substantial redshift errors and of the narrow-strip geometry
of the survey region, liquid mirror galaxy redshift surveys
have the potential to reveal important information about
the origin of structure in the Universe. Specifically, we are
interested in exploring whether the surveys can distinguish
between the predictions of models of structure formation
which are characterized by the same primordial power spec-
trum of mass fluctuations, but which have different phase
relations, e.g. on one hand inflationary Universe models with
Gaussian random phases, and on the other hand topological
defect theories characterized by rich nontrivial phase corre-
lations.
A second goal of this study is to explore which aspects
of the technology future improvement should focus on if the
goal of the survey is to gain more information about the
origin of structure in the Universe. Specifically, what does
one gain by increasing the depth of the survey compared
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to what one would gain by increasing the accuracy of the
redshifts by adding more filters.
We study these issues by performing numerical simula-
tions of various theories of structure formation, slicing from
the simulation box regions with the geometry of the LMT
surveys, and analyzing the results using statistical measures
which are sensitive to a non-Gaussian distribution of phases.
Specifically, we shall evaluate counts-in-cell (CIC) statistics,
N-galaxy probability functions (NPF) and Minkowski func-
tionals (Mecke et al. 1994).
We compare the results of inflation-based cold dark
matter (CDM) theories and topological defect models. Since
the dynamics of actual defect models is very complicated
and not yet completely understood, we will investigate toy
model realizations constructed to maximize the degree of
non-Gaussianness. We study cosmic string and global tex-
ture models (a global monopole theory would be rather sim-
ilar to the texture model). For strings, we study two extreme
versions of the theory. The first is a “filament” model which
is realized if the strings have a lot of small-scale structure
and therefore are characterized by a small transverse veloc-
ity, leading to a filamentary pattern of accretion. The second
is a “wake” model which is realistic if the strings have little
small-scale structure, large transverse velocity, and no lo-
cal gravitational potential, and thus lead to planar velocity
perturbations in their wake.
Our simulations demonstrate that already with the cur-
rent UBC-NASA survey useful lessons for cosmology can be
deduced. With a limiting magnitude (AB magnitude scale)
of 20.4 and galaxy redshift errors of ∆z < 0.03 (based on the
use of 33 filters), the complete survey will allow us to differ-
entiate between the predictions of idealized defect theories
and Gaussian models. With an improvement of the redshift
errors and survey depth which will be possible with the LZT
survey, the distinguishing power of the survey will be greatly
increased.
2 MODELS
Standard Cold Dark Matter Model
There are two main classes of theories of structure for-
mation which have been investigated over the past decade.
The first are inflation-based models with a scale-invariant
spectrum of primordial adiabatic perturbations with random
phases, each having a Gaussian distribution. These models
are viable only if the dark matter is cold (resulting in the
so-called Cold Dark Matter (CDM) models). In this paper,
we shall study the “standard” CDM model with an exactly
scale-invariant spectrum of perturbations, Ω = 1, and van-
ishing cosmological constant. This specific model is no longer
viable if we compare the normalization of the power spec-
trum of density perturbations with that of CMB fluctua-
tions. Viable CDM models either require an admixture of
hot dark matter, a value of Ω smaller than one, a remnant
cosmological constant contributing significantly to Ω, or a
tilt of the primordial spectrum of perturbations. However,
in this paper we are mostly concerned with the power of
the LMT survey s to pick up signatures of primordial non-
random phases, and the model we study is taken as the
canonical model with Gaussian random phases.
Thus, we consider a CDM model with Ω = 1, h = 0.5,
with vanishing cosmological constant, and having an exactly
scale-invariant primordial spectrum of cosmological pertur-
bations (generated as quantum fluctuations in an early pe-
riod of inflation (Chibisov & Mukhanov 1980, Chibisov &
Mukhanov 1982, Lukash 1980, Mukhanov & Chibisov 1981,
Guth & Pi 1982, Hawking 1982, Starobinskii 1982, Bardeen
et al. 1983). The processing of the primordial spectrum of
perturbations at late times on scales smaller than the Hub-
ble radius leads to a nontrivial transfer function. We take
the transfer function given in Bardeen et al. (1986).
A cosmological model with these parameters was
evolved numerically in a box of comoving length of 700Mpc
with 1283 particles. The normalization of the primordial
power spectrum was chosen such that σ8 = 0.95 (note that a
COBE normalized model would require σ8 = 1.22. The nu-
merical work was done with the Bertschinger & Gelb (1991)
P 3M N-body code and was run on the CRAY-YMP at the
Brown Center for Scientific Computation.
String Wake Model
The second class of structure formation models which
has received a lot of attention over the past decade is based
on topological defects giving rise to the seeds for structures
(see Vilenkin & Shellard (1994), Hindmarsh & Kibble (1995)
or Brandenberger (1994) for recent reviews). Models based
on strings, global monopoles, and textures are of special in-
terest (models with local monopoles or domain walls are
ruled out since the defects in these models would overclose
the Universe).
Topological defects are a generic prediction of a wide
class of particle physics models. If the set of vacuum states
of the theory after symmetry breaking has a nontrivial topol-
ogy, then defects will inevitably be produced during the sym-
metry breaking phase transition in the early Universe (Kib-
ble 1976). The defects form non-adiabatic density perturba-
tions and act as the seeds of structure formation. If the scale
of symmetry breaking is about 1016GeV, then the resulting
spectrum of perturbations has the correct amplitude to ex-
plain the large-scale fluctuations in the cosmic microwave
background observed by COBE (Smoot et al. 1992).
Cosmic strings are linear topological defects which arise
if the vacuum manifold of the particle physics theory is not
simply connected. At the time of the phase transition, a net-
work of strings is formed. The strings are either infinite in
length or closed loops. The long string network consists of
all the strings whose curvature radius is greater than the
Hubble radius. Causality considerations show that the cor-
relation length ξ(t) of the long string network (the mean
separation of the long strings) must be smaller or equal to
the Hubble radius at all times after the phase transition.
Analytical arguments (Vilenkin 1985) and numerical stud-
ies (Albrecht & Turok 1989, Bennett & Bouchet 1988, Allen
& Shellard 1990) demonstrate that the string network takes
on a scaling solution in which ξ(t) ∼ t for all t. Hence, it fol-
lows that the cosmic string model predicts a scale-invariant
spectrum of primordial perturbations, much like inflation-
ary Universe models. In contrast to the latter, however, the
phases of the perturbations in the string model are non-
random.
The precise nature of the non-random phases (more
specifically the topology of the dominant structures pro-
duced in the cosmic string model) depend on some details
of the string dynamics which are, unfortunately, not yet re-
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solved. If the strings are straight on the scale of the Hubble
radius, then the string tension will equal the mass per unit
length µ. As a consequence, the strings will move relativisti-
cally, and they exert no local gravitational force. In contrast,
if the long strings have a lot of small-scale structure, then
the tension will be smaller than µ, the transverse motion of
the strings will be slower and there will be a local gravita-
tional force exerted by the strings. The first scenario gives
rise to the cosmic string wake model, the second to the cos-
mic string filament model.
Note that since the strings are non-adiabatic seed per-
turbations, then, in a model in which the dark matter is hot,
free streaming does not erase the primordial perturbations
on small scales. Hence, the cosmic string model of structure
formation is viable even if the dark matter is hot (Vilenkin
& Shafi 1983, Brandenberger et al. 1987a, 1987b).
A straight cosmic string without small-scale structure
generates a conical space perpendicular to the string with
deficit angle (Vilenkin 1981)
α = 8πGµ (1)
(We use units in which the speed of light c = 1). If the string
is moving through a plasma with transverse velocity v, this
induces a velocity perturbation (Silk & Vilenkin 1984) of
magnitude
δv = 4πGµγ(v) , (2)
where γ(v) is the relativistic γ factor associated with the ve-
locity v. The velocity perturbations, in turn, leads to a non-
adiabatic density perturbation of roughly planar geometry -
a wake. The dimensions of the plane are determined by the
string velocity v and by the correlation length ξ(t). A string
at time ti produces a wake of comoving length vξ(ti)z(ti)
and width ξ(ti)z(ti). The wake thickness can be calculated
(Perivolaropoulos et al. 1990, Brandenberger 1991) using the
Zel’dovich approximation (Zel’dovich 1970) as the comoving
scale of the region which has separated from the Hubble flow
and is no longer expanding. Because of free streaming, the
result depends on the nature of the dark matter. For hot
dark matter, the thickness at the present time t0 of a wake
created at time ti > teq is (Perivolaropoulos et al. 1990,
Brandenberger 1991)
h(ti) =
24π
5
Gµvγ(v)z(ti)
1/2t0 . (3)
Thus, the wake dimensions are
vξ(ti)z(ti) × ξ(ti)z(ti) × h(ti) . (4)
The mass of such a structure is
m(ti) =
24π
5
Gµv2γ(v)ν−21 ρ0t
1/3
i t
8/3
0
, (5)
where we have taken the string correlation length to be
ξ(t) = 1
ν1
t.
Hot dark matter wakes created before the time teq of
equal matter and radiation are diluted by the radiation pres-
sure and will not be included in our simulations. Note that
in the cosmic string wake model, the structures which dom-
inate the large-scale distribution of galaxies are predicted to
be planar wakes. The most numerous and thickest are those
created at teq. Their size is comparable to that of the Great
Wall (de Lapparent et al. 1986).
The procedure for setting up a toy wake model simula-
tion is the following. The time interval between teq and t0 is
divided into Hubble times. For the cosmological parameters
used in this paper, there are 16 Hubble time steps. At each
time step, labeled by a time ti, a number c
−3
w of wakes are
laid down per volume t3i . Here, cwti gives the mean separa-
tion of wakes at this time. Wakes are laid down by selecting
centers and orientations of the wakes at random within each
volume t3i . For given values of Gµ, of the mean transverse
velocity of the string v and of the number ν1, the value of
cw can be determined by demanding that the total mass
density adds up to critical density.
In principle, the number ν1 could be determined by nu-
merical simulations. In practice, however, the resolution of
the cosmic string evolution codes may not be good enough
to give a reliable answer. Thus, we will consider a range
of values. To be specific, we choose the following values:
Gµ = 10−6, vγ(v) = 1 and ν1.
Given the geometrical distribution of wakes, galaxies
are laid down at random within the volume of the wakes,
with a uniform density.
String Filament Model
Long cosmic strings with a substantial amount of small-
scale structure (e.g. small-scale wiggles) will have a coarse-
grained equation of state which differs from that of a rel-
ativistic string, i.e. |p| < µ, where |p| denotes the string
tension. In this case, the strings will have a small transverse
velocity, but they will exert a local gravitational attraction,
and hence they will seed filamentary density perturbations.
We shall take the extreme situation in which the transverse
string velocity is negligible (the intermediate case was an-
alyzed in Zanchin et al. (1996)). In this case, the comov-
ing radius qnl(ti) of a filament seeded at time ti can again
be calculated using the Zel’dovich approximation, yielding
(Aguirre & Brandenberger 1995)
qnl(ti) =
(12Gλ
5
ln(
t0
ti
)
)1/2
t0 , (6)
where λ = µ−|p|. Hence, the mass in an individual filament
which was seeded at time ti is
m(ti) =
12πGλ
5
1
ν1
ρ0t
8/3
0
t
1/3
i ln
( t0
ti
)
, (7)
where ν1 is defined as in the previous subsection.
The procedure for setting up the string filament simula-
tion is analogous to how the wake toy model is constructed.
At each Hubble time step between teq and t0, a fixed num-
ber c−3f of filaments for volume t
3 is laid down, choosing
filament centers and directions at random. For given val-
ues of Gλ and ν1, the number of filaments is determined
by demanding that the total mass adds up to critical den-
sity. Galaxies are again put down at random in the volume
of the filaments, with a uniform density. To be specific, we
shall consider the values Gλ = 10−6 and ν1 = 1.
Note that the string filament and string wake models
represent opposite extremes of what we expect a realistic
string model to look like. The statistical study of the wake
and filament models will hence yield as a byproduct a quan-
titative measure of the large uncertainty in the predictions
of the string model, in particular if we let ν1 vary over a
significant range of values.
Texture Model
Textures (Davis 1987) are topological defects which
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arise if the vacuum manifold of the particle physics model
has nontrivial third homotopy group. In four space-time di-
mensions, textures are unstable (Turok 1989). Texture con-
figurations on Hubble scale unwind within approximately
one Hubble expansion time. Nevertheless, in theories with a
global symmetry, textures are able to generate density per-
turbations. In field theories with a local symmetry, texture
configurations in the scalar matter fields can be compen-
sated by gauge fields on a microscopic time scale, and hence
in such models textures are not important for structure for-
mation.
The simplest texture configurations (Turok 1989) are
spherically symmetric. Hence, we will construct a texture
toy model by superimposing individual spherically symmet-
ric texture configurations. Obviously, this is a gross simpli-
fication of what a texture model will really look like.
At each time ti, there is a finite probability (Prokopec
1991, Leese and Prokopec 1991) p that in a volume t3i there
will be a texture configuration. The initial texture configu-
ration can be modeled (Gooding et al. 1991) by a spherically
symmetric velocity perturbation which then develops into a
spherically symmetric density perturbations. The comoving
radius qnl(ti) of this perturbation can again be determined
(Aguirre 1995) by the Zel’dovich approximation, yielding
the result
qnl(ti) =
6
5
ǫt
−1/3
i t
4/3
0
, (8)
where (up to factors of order unity) ǫ = Gη2, η being
the scale of symmetry breaking. We will take the value
ǫ = 3× 10−5, an appropriate value for a COBE-normalized
texture model (Pen et al. 1997). The mass in a texture can
be computed by multiplying the volume of the texture by
the background density.
The texture toy model was obtained by laying down p
texture centers per volume t3i at each Hubble expansion time
ti with a random choice of the centers. Galaxies were dis-
tributed within each texture with a Gaussian density profile
(as a function of radius) and random angular distribution.
To agree with the total mass obtained in the other toy mod-
els, the number of galaxies per texture was chosen to (for
fixed values of ǫ and p) yield critical density for the entire
volume.
General Comments
Note that all four models discussed above predict a
roughly scale-invariant primordial spectrum of perturba-
tions. In the case of inflation, the reason for the scale in-
variance can be explained by the basic geometry of an infla-
tionary cosmology (see e.g. Press (1980) or Brandenberger
(1985)), in defect models the approximate scale-invariance
is a direct consequence of the scaling dynamics of the de-
fect system (see e.g. Brandenberger (1994)). However, the
morphology in these four models is very different, and with
the statistics discussed below we are able to differentiate
between their predictions for the large-scale structure of the
Universe.
3 STATISTICS
Counts in Cell Statistic
The first statistic evaluated for our simulations was a
simple counts in cell (CIC) statistic (see e.g. Saslaw (1989)).
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Figure 1. The LMT selection function for various values of the
limiting magnitude.
Each LMT slice was projected into a two-dimensional plane
and then divided into equal volume cells (three-dimensional
volume). An equal number of cells in radial and angular
direction was chosen. Note that the shape of the cells de-
pends strongly on the redshift, i.e. the cells are not isometric.
However, since we are comparing the predictions of different
models (and eventually with observations) all treated the
same way, the unusual cell shape distribution should not be
a problem.
The CIC statistic is a histogram of number of cells with
n galaxies as a function of the number n. The CIC statistic
can be evaluated for any cell size (smoothing length). Since
the difference in the predictions of the models is expected to
be most important on scales slightly less than the size of the
dominant structures expected in our models, i.e. of comov-
ing length scale teqz(teq), a smoothing length comparable to
this scale must be chosen. We took 34 cells per side which
corresponds to a cell length of about 15h−1Mpc.
N-Galaxy Probability Function
The second measure we used is the N-galaxy probabil-
ity function (NPF), a generalization of the void probability
function (Hamilton et al. 1985). The NPF (Aguirre 1995) of
a galaxy distribution is the probability that there are exactly
N galaxies in a randomly placed volume V , considered as a
function of V . Instead of plotting the NPF’s, we have found
it more informative to plot the cumulative NPF, which for
fixed value of N is the probability that there are less than
or equal to N galaxies within a randomly placed volume V .
Minkowski Functionals
The Minkowski functionals (Mecke and Wagner 1991)
supply a complete characterization of the global morphology
of an a galaxy distribution. Given an isodensity surface ∂K
in three spatial dimensions, the morphology is determined
by four quantities. The first functional M0 is the volume V
enclosed by the surface
M0 = V , (9)
the second is related to the surface area A
M1 = A/8 , (10)
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Figure 2. The CIC statistic applied to the LMT geometry for
simulations of the standard CDM model, the texture toy model,
and the string wake and filament toy models. Redshift error ∆z =
0.03 and limiting magnitude R = 20.4 correspond to the values
of the current UBC-NASA survey.
the third is proportional to the integrated mean curvature
H
M2 =
1
2π2
H (11)
with
H =
1
2
∫
∂K
dA
( 1
R1
+
1
R2
)
(12)
where R1 and R2 are the principal curvature radii of the
surface. Finally, the fourth Minkowski functional is related
to the Euler characteristic χ and hence to the genus
M3 =
3χ
4π
, (13)
where
χ =
∫
∂K
dA
1
R1R2
. (14)
There are many ways of displaying the Minkowski func-
tionals as a function for the density contrast. We use the
method of Mecke et al. (1994) and Kerscher et al. (1997)
and display the functionals as a function of a length scale
r. Given a value of r, we consider a volume made up of the
union of balls of radii r whose centers are the galaxies in our
sample. Note that r play the role of a neighborhood relation
length and is similar to a smoothing length of the density
field. The larger the value of r, the smaller is the value of
the density contrast whose isodensity surface the Minkowski
functionals are describing. We made use of modified versions
of codes to evaluate the Minkowski functionals made avail-
able by Kerscher et al. (1997) and Schmalzing & Buchert
(1997), which include boundary corrections.
4 SIMULATIONS AND RESULTS
Our analysis is done in the following way. A simulation of
each of the models discussed in Section 2 is performed in a
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Figure 3. Same as Figure 2, but for a survey with smaller redshift
errors of ∆z = 0.01.
box of side length 700h−1Mpc. Next, a slice with the geom-
etry of the LMT survey (90o in length and 0.26o in width)
is cut out of this box. The slice has a depth of 500h−1Mpc.
Thus, in order to compare observational results to the sim-
ulations, a volume limited subset of the observational data
must be used.
To compare the simulations with a survey with a lim-
iting apparent magnitude mlimit, particles from the simula-
tions are picked at random using a selection function s(d),
where d is the distance from the origin. The selection func-
tion was determined by assuming a Press-Schechter lumi-
nosity function
f(L) = c
( L
L∗
)α
e−L/L
∗
(15)
where L stands for the luminosity and c is a constant which
drops out of the analysis. The value of L∗ was taken (Zucca
et al. 1997) to correspond to the absolute magnitude M∗ =
−19.6+5logh, and a value of α = −1.22 appropriate for field
galaxies was chosen. A sharp lower cutoff on this luminosity
function at a value corresponding to M = −16 was used.
The resulting selection function is shown in Figure 1 for
various values of the limiting apparent magnitude.
To mimic the redshift errors expected in the LMT sur-
vey, each galaxy was moved in redshift direction by a redshift
error chosen from a Gaussian distribution with standard de-
viation ∆z. For a fixed box, the processes of picking an LMT
slice, selecting galaxies and moving their redshifts randomly
as described above was repeated many times. For the CIC
and NPF graphs, the results are based on 6 slices, each ran-
domized 100 times. For the Minkowski functional graphs,
only 10 randomizations for each of the 6 slices was used.
The error bars shown on the graphs displaying our results
for the CIC and NPF statistics represent the standard de-
viation resulting from this procedure and not the standard
deviation of the mean. The reason for this choice is that,
since only one data slice will be available, the error in the
observations will be approximated by the standard deviation
of a single simulation rather than by the standard deviation
of the mean.
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Figure 4. Same as Figure 2, but for a survey with a greater
limiting magnitude of R = 23.
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Figure 5. Same as Figure 2, but for a survey with the specifica-
tions of the LZT survey (∆z = 0.01 and R = 23).
Figures 2 - 7 depict the CIC statistic for the four models
studied in this paper. Figure 2 shows the results for the lim-
iting magnitude and redshift errors which are realized in the
prototype UBC-NASA Multi-Narrowband Survey: R = 20.4
and ∆z = 0.03. Focusing on the region corresponding to a
low number of galaxies per cell, it is clear that already this
prototype experiment can yield first results of interest to
cosmology. A cosmological model like the texture toy model
can be clearly differentiated from string models and from a
standard CDM theory. The difference between the string and
CDM models, however, is not significant. The basic reason
why already the prototype survey will be able to distinguish
between the most extreme version of large-scale structure
formation models is because the redshift error corresponds
to a distance smaller than the separation of the dominant
structures in our models, which is the comoving Hubble ra-
dius at teq .
As can be seen by comparing Figures 2 and 3, improv-
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Figure 6. CIC statistics for different numbers v = ν2 of wakes
per Hubble volume (ν). For comparison, the CDM curve is also
shown. The variable Vneq is proportional to Gµ.
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Figure 7. CIC statistics for different numbers of filaments per
Hubble volume (ν). For comparison, the CDM curve is also shown.
ing the redshift accuracy for a fixed magnitude limit (which
should be realized when the survey is complete) greatly im-
proves the ability of the CIC statistic to discriminate be-
tween the different models. In this case, the texture, string
and CDM models are all three clearly distinguishable. As
an interesting side result, we note that the string filament
and string wake models give almost identical results in spite
of the radically different structure morphology they predict.
Since it is unclear which of these string toy models corre-
sponds more closely to an actual cosmic string model with
HDM, the fact that they produce very similar CIC statistics
is encouraging since it means that the uncertainty in the
string evolution factors out.
Obviously, the power of the CIC to differentiate between
the models also gets larger by increasing the limiting mag-
nitude (which can be realized by using a larger telescope or
by improving the sensitivity of the CCD cameras used). Fig-
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Figure 8. Cumulative NPF statistic (for N < 17) evaluated for
the specifications of the UBC-NASA survey for the four models
considered here. The horizontal axis is inversely proportional to
the length of an individual sample volume.
ure 4 shows the results which can be obtained for limiting
magnitude R = 23 and redshift error ∆z = 0.03, Figure 5
depicts the results for the target values of the LZT project,
R = 23 and ∆z = 0.01.
Figures 6 and 7, respectively, show how the string wake
and string filament curves vary when changing the parame-
ters of the string models (the string filament and wake mod-
els of Figs. 2 - 5 were run for ν2 = 10). As the number
ν2 of structures per volume t
3 increases, the mass per unit
length µ must be reduced if the total clustered mass is to re-
main the same. For comparison, the results for the standard
CDM models are also depicted. It is obvious that changing
the number ν2 over one order of magnitude leads to a sub-
stantial change in the CIC curve. For a fixed number n of
galaxies, the change in the amplitude of the CIC curves be-
tween the string results for ν2 = 2 and ν2 = 20 is comparable
to the difference between the CDM and string curves. Nev-
ertheless, we see by inspection that the shape of the string
curves does not change substantially when ν2 varies. Thus,
by focusing on the shape of the CIC curves over the entire
range of n rather than on the amplitude for fixed n, one can
differentiate between the theories independent of the value
of ν2. One way to quantify the information about the shape
of the curve is to focus on its slope in the region between
the value n = npeak+2 (where npeak is the value of n corre-
sponding to the peak of the CIC curve; the value npeak + 2
was chosen in order to eliminate bound ary effects at n = 0)
and n = n1/4 (where n1/4 is the value of n at 1/4 the max-
imal height on the logarithmic plot). For simulations with
R = 23 and ∆z = 0.01, the slope varies between 0.94 and
0.51 in the string models, is about 0.31 in the CDM model
and 0.11 in the texture theory.
As an interesting and unexpected side result of our
study we mention the fact that for fixed value of ν2, the
string filament and string wake curves are essentially indis-
tinguishable. This implies that some of the uncertainties in
the cosmic string theory of structure formation (see Section
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Figure 9. Cumulative NPF statistic (for N < 17) evaluated for
the specifications of the LZT survey.
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Figure 10. Cumulative NPF statistic (given the specifications of
the previous figure) in the string wake model for different values
of the number of wakes per Hubble volume.
2) cancel out when considering the CIC statistic, at least to
the accuracy studied here.
The differences in the CDM, string and texture model
CIC curves stem from the different morphologies which leads
to different strengths of clustering on small scales. Since we
model textures as spherically symmetric overdensities with
a Gaussian density profile, there is a high degree of central
clustering which leads to a large tail in the CIC curve. On
the other hand, there are also large regions empty of galaxies
which leads to the large peak at n = 0, where n is the num-
ber of galaxies per cell. In contrast, the string model leads
to filamentary and planar clustering, and thus the predicted
tail in the CIC curve is small. It is well known that nonlin-
ear evolution (Gott et al. 1987, Park & Gott 1991) in the
CDM model leads to a meat ball topology and hence to a
significant tail in the CIC curve.
Figures 8 and 9 show the cumulative NPF statistic as a
c© 0000 RAS, MNRAS 000, 000–000
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Figure 11. The Minkowski functionalM0 for a LMT survey with
specifications R = 20.4 and ∆z = 0.01. Note that the larger the
value of r, the smaller the effective density threshold.
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Figure 12. Same for M1.
function of radius for the specifications of the UBC-NASA
and LZT surveys, respectively. The four curves represent the
same four models for which the CIC statistics were shown
in previous figures. The distinguishing power of the statistic
was largest for the value N = 16, the value used in Figures
8 and 9. The conclusions are very similar to those obtained
by means of the CIC statistic: with the specifications of the
current UBC-NASA survey, the texture model can already
be differentiated in a statistically significant way from the
other models. Using conservative specifications of the LZT
telescope currently under construction, the string, texture
and CDM models all give very different curves. The string
wake and string filament models remain indistinguishable.
Figure 10 shows how the NPF changes as the number ν2 of
wakes per volume t3 is varied (the simulations used for Fig.
10 are for the specifications of the LZT survey).
To obtain the best differentiation between the various
models (independent of ν2) it is again advisable to look at
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Figure 13. Same for M2.
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Figure 14. Same for M3.
the slope of the curve rather than at the amplitude for a
fixed cell volume. The value of ∆x (where x is the number
of cells per side), which is a measure of the inverse of the
slope, taken in the range over which the cumulative NPF
increases from 0.2 to 0.8, varies between 4 and 5.7 for the
string models, whereas it is approximately 8.7 for the CDM
simulation and 15.5 for the texture model.
Figures 11 - 14 show the four Minkowski functionals
M0 − M3 evaluated for all four models in the case of the
specifications of the UBC-NASA survey with improved red-
shift errors (R = 20.4 and ∆z = 0.01). The power of the
functionals M1−M3 (in particular M1 and M2) to differen-
tiate between the models is comparable if not greater than
the power of either the CIC or NPF statistics. In fact, us-
ing M2 the UBC-NASA survey already offers the potential
of separating the predictions of string, texture and CDM
models.
c© 0000 RAS, MNRAS 000, 000–000
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5 DISCUSSION AND CONCLUSIONS
In this paper we have investigated the potential of the UBC-
NASA and the LZT liquid mirror telescope redshift surveys
to be able to differentiate between the predictions of vari-
ous models of structure formation, in spite of the relatively
large redshift uncertainties inherent to the survey strategy.
We focused on the use of topological statistics to distinguish
between models with identical power spectra but different
phase structure, resulting in different morphology of the pre-
dicted large-scale structure in the Universe.
One of our main results is that the current UBC-NASA
liquid mirror telescope survey will already be able to yield
first interesting results. In particular, using counts in cell
(CIC), N-galaxy probability functions and Minkowski func-
tionals, the predictions of the texture model can be sepa-
rated from those of other models with a high statistical sig-
nificance. We have seen that an improvement in the redshift
accuracy by a factor of 3 can yield a substantial increase
in the ability of the survey to distinguish between different
models. With the current limiting magnitude of R = 20.4
but with an improved redshift error of ∆z = 0.01, the UBC-
NASA survey will be able to yield results by means of which
(making use of CIC, NPF and Minkowski functional statis-
tics) the cosmic string models, texture models and standard
CDM models can all be differentiated. In fact, the resolution
power is larger than what can be achieved with R = 23 and
∆z = 0.03. We have seen that with a survey having the tar-
get par ameters of the LZT project (R = 23 and ∆z = 0.01
a lot can be learned about the origin of structure in the
Universe.
A very promising statistic appears to be M2, the third
Minkowski functionals which measures the integrated mean
curvature. WithM2, the current UBC-NASA survey already
has the potential of discriminating between string, texture
and CDM models. It is interesting that M2 appears to be a
more powerful statistic than the widely used genus statistic
M3.
There are, however, some important caveats concerning
this study. The topological defect models we have analyzed
are toy models and not actual simulations which include the
complete nonlinear defect and gravitational dynamics (such
simulations are at the moment out of the range of the capa-
bilities). Our toy models are intended to capture the crucial
morphological differences in the predicted large-scale struc-
ture between the models, differences which will be imprinted
on the CIC, NPF and Minkowski functional statistics which
are sensitive to the morphology of structure. Our defect toy
models to not include any super-Hubble scale correlations.
Neither do they include correlations of the defect distribu-
tion at different Hubble times (such correlations would be
expected to be quite important in string models and proba-
bly less important in the texture model). We have neglected
the effects of small-scale fluctuations (imprinted before teq)
which can be very important (in particular in a cosmic string
mo del with cold dark matter (Albrecht & Stebbins 1992)),
and we have replaced the nonlinear dynamics of the struc-
tures seeded by an individual defect by an ad-hoc distribu-
tion of galaxies within these structures motivated by calcu-
lations using the Zel’dovich approximation, thus omitting
extra nonlinear gravitational clustering. It would be inter-
esting to redo the analyses of this paper using improved
simulations of defect models. It would also be interesting to
study the potential of the LZT project to differentiate be-
tween the predictions of different CDM models (open CDM,
ΛCDM , mixed dark matter models). Work on these issues
is in progress.
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